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Thermal treatmentThis paper deals with the effect of thermal treatment on the mechanical and tribological properties of an
organic inorganic hybrid coating deposited on stainless steel 430. Organic inorganic coating derived
from glycidoxypropyltrimethoxysilane (GPTMS) and aluminum tri sec butoxide Al(OsBu)3 were prepared
via sol gel route and deposited by dip coating process with various thicknesses. A preliminary thermal
analysis (DTA, TGA) of xerogel obtained by hydrolysis and condensation reaction of sols, highlighted
three characteristic domains of temperature (110 200 °C, 250 300 °C, 400 500 °C). When thermal treat
ments were applied to the coated stainless steel in these temperature domains, the tribological behavior
(wear and friction) underwent strong changes, analyzed from linear ball/plane tribometry. The tribological
tests showed a lower friction coefﬁcient and wear after thermal treatment at a temperature in the domain
250 300 °C. In order to explain this phenomenon, xerogel structure was studied from XRD and Raman
spectroscopy and correlated to the mechanical and adhesive properties and to the tribological behavior.1. Introduction
In the ﬁeld of aeronauticmaterials, mostmetals need to be protected
against wear and friction, to increase the life time and the efﬁciency of
the equipments. Carbides or oxide coatings are widely used in this aim
and two types of process were used to develop these coatings; plasma
sprayed for thick coatings [1 4] and physical or chemical vapour depo
sition (PVD or CVD) for thin coatings [5 7].
Nowadays, the sol gel process appears as a very promising tech
nique. Indeed, sol gel process offers many beneﬁts; it is a low cost pro
cess and it is relatively easy to control the deposition parameters. The
synthesis of coatings via sol gel processing is also used in many ﬁelds
of materials engineering. Another beneﬁt of sol gel process is to make
coatings with properties depending on the application required. Anti
corrosion, thermal barrier, electrochemical and optical sensor are some
examples of applications [8 15].
For tribological applications, oxide coatings developed via sol gel
process display excellent antiwear and friction performances under
low loads [16 18]. Hybrid coatings show interesting properties, such
as good adhesion on substrate, ﬂexibility and good coverage [19 21]
making them good candidates for various applications. However, hybrid
coatings via sol gel route are rarely used for tribological applications.
The aim of this work is to develop hybrid sol gel coating and im
prove its tribological properties using a thermal treatment. First,
thermal analysis was used to determine temperatures of thermali).treatment. Then, coatings and bulk xerogel were thermally treated,
and we studied chemical and structural transformations, with XRD
and Raman spectroscopy. Finally, we correlate physicochemical
transformations with mechanical, adhesive and tribological properties
of coating deposited by dip coating technique on stainless steel 430
and heat treated.
2. Experimental
2.1. Samples preparation
The substrate is AISI 430 ferritic stainless steel. Samples consist of
plate 8 × 2 cm and 1 mm thick. Its average roughness (Ra), measured
by White Light Interferometry is about 0.03 μm.
The precursors used were 3 glycidoxypropyltrimethoxysilane
(GPTMS) and aluminum tri sec butoxide (ASB) [22]. GPTMS and ASB
(80 wt.% in isopropanol) were mixed at room temperature. Water
was added into the mixture. A precipitate was formed immediately.
The precipitate was then peptized to a clear and transparent solution.
The peptization timewas approximately 30 min. The precursor solution
was then aged for 24 h at room temperature. Each sample surface was
cleaned and degreased in acetone. Then, a chemical pretreatment is
needed before sol deposition, to improve coating adhesion. It was
performed as follows: an immersion in a NaOH bath maintained at
60 °C, followed by a neutralization in an acidiﬁed solution of HCl at
rooms temperature. Samples were ﬁnally washed in ethanol and dried
in air. Then, Substrates were coated by dip coating (with a speed of
30, 50, 75 and 100 mm/min). Coatings were dried for 24 h at 50 °C
Fig. 1. Thermal analysis (TGA/DTA) curves for bulk xerogel (GPTMS and ASB precursors)
in air atmosphere.
Fig. 3. X-ray patterns of the xerogel after heat treatment at 110, 200, 250, 300, 400 and
500 °C in air, during 16 h.and then densiﬁed by thermal treatment for 16 h at different tempera
tures (110, 200, 250, 300, 400 and 500 °C) with heating rate of 50 °C/h.
Cooling rate is about 20 °C/h. Bulk xerogels were obtained using the sol
prepared by the previously described synthesis but then dried and
thermally treated in an alumina container.
2.2. Characterizations
Substrate's roughness was measured with a ZYGO white light
interferometry.
Thermal properties of bulk xerogel were investigated by thermo
gravimetric analysis (TGA) and differential thermal analysis (DTA) with
a SETARAM TGDTA 92. The measurements were carried out in air, in the
20 °C 700 °C temperature range, with heating rate of 1 °C/min.
Microstructure, worn surfaces after tribological tests and thickness of
coatings, were observed with a Scanning Electron Microscopy (SEM)
JEOL JSM 35CF.
Structural analysis of xerogels thermally treated at different temper
atures was performed with X ray diffractometer BRUKER D4 ENDEAV
OR. XRD patterns were collected at room temperature by scanning
steps of 0.02° (2θ) over a 10° b 2θ b 40° angular range and working
with a Cu Kα radiation (0.15418 nm). RAMAN investigations were
performed using a RAMAN microscope, HR HORIBA 800, equipped
with red laser (λ = 635 nm) to restrict ﬂuorescence.
Mechanical properties were evaluated with an Ultra NanoIndenter
(UNHT, CSM Instruments). Elastic modulus and hardness were calcu
lated with the method proposed by Oliver & Pharr [23]. Indentations
were performed with a loading and unloading rate of 200 μN/min,
and a maximum normal load of 100 μN. The Indenter was modiﬁed
Berkovich, four indentations were performed on each sample. The
thickness of samples tested is about 1.3 μm. Adhesive properties were
evaluated by scratch test. A Nano Scratch tester (NST, CSM Instru
ments) was used to measure critical loads of delamination.
Nano scratch tests were performed with a loading rate of 80 mN/min,
and a max load of 40 mN. Three scratches were performed on each
sample.Fig. 2. Pictures of xerogel heat treated in air during 16 h at 1The tribological behavior of coated stainless steel were carried out
on a linear ball/plane tribometer (CSEM Instruments), in ambient air
and at ambient temperature. The pinwas an alumina ballwith a diameter
of 6 mm. Loading force was 1 N and sliding distance was 6 mm (1 cycle
corresponding to 12 mm). Sliding was performed at sliding velocity of
3.77 cm/s and test duration lasted for 1000 cycles. Three tests were
performed on each sample.3. Results and discussion
Before studying the effects of thermal treatments on mechanical
and tribological properties of hybrid coatings deposited on 430 stainless
steel, thermal behavior of xerogelwas investigated by thermogravimetric
and thermodifferential analyses (TGA DTA). The recorded curves report
ed in Fig. 1 show, two exothermic peaks (DTA curve) and several domains
of mass losses (TGA curve), illustrating physicochemical transformations
thermally activated. The ﬁrst mass loss below 200 °C is associated with
the evaporation of solvents: water and alcohol. Beyond this temperature,
two strong mass losses and two exothermic peaks appear. The ﬁrst
exothermic peak occurs in 220 350 °C temperature range (domain
denoted I) and the second occurs in 400 550 °C temperature range
(domain denoted II). Generally, polymeric materials are thermally
decomposed around 250 °C [24 27]. So, reaction occurs in domain I,
could be associated with thermal degradation of organic network.
Characteristic temperatureswere highlightedwith thermal analysis.
In order to explain reactions occur in domain I and II, heat treatments
were applied on bulk xerogel previously dried 24 h at 50 °C. Heat treat
mentswere carried out in air during 16 h, at 110, 200, 250, 300, 400 and
500 °C.10 (a), 200 (b), 250 (c), 300 (d), 400 (e) and 500 °C (f).
Fig. 4. Raman spectra of xerogel heat treated at different temperatures during 16 h in air: (a) 110 °C, (b) 200 °C, (c) 250 °C, (d) 300 °C and (e) 400 °C.
Table 1
Assignments of Raman vibrational modes of xerogel heat treated at 110 °C [31–33].
Vibrational mode assignments Raman shift (cm 1)
Si O Si rocking 477
C O C + C C stretching 857
CH2 rocking 1040
CH2 bending 1420
CH2 bending 1465
CH2 stretching 2810
CH2 stretching 2890
CH2 stretching 2920
Fig. 6. Changes in thickness versus the withdrawal rate, for coating heat treated at
110 °C and Landau & Levich law [39].
Fig. 7. Changes in coating thickness versus thewithdrawal rate of dip-coating for different
temperatures of heat treatment, 16 h, in air.Theﬁrst observationswere the color changes of the compounds after
heat treatments, depending on the applied temperature (Fig. 2). After
heat treatment at 110 °C, the xerogel was transparent. After 250 °C, it
turned to black. Finally, after 500 °C, xerogel was brown. In order to cor
relate these color changes with thermal transformations of hybrid, we
have ﬁrst characterized each sample by X ray diffraction and then by
Raman spectroscopy. In Fig. 3 are reported X ray diffraction patterns in
the angle domain where diffraction signal appear. The low intensity
and the widths of diffraction peaks indicate samples are amorphous.
For the xerogel treated at 110 °C, the maximum of signal, denoted
(a), observed around 2θ = 20.4°, is characteristic of hybrid organic
inorganic [28,29]. Above 200 °C, the intensity of signal (a) decreases
and signal disappears at 250 °C, due to the thermal decomposition of
organic phase. This disappearance conﬁrms thermal decomposition of
organic network occurs in domain I. From 250 °C, another signal, denot
ed (b), appears around 2θ = 23°. This signal is attributed to the (101) of
SiO2 cristobalite [30].
XRD analysis conﬁrmed reaction I is thermal decomposition of organic
network, but it doesn't explain reaction II. We used Raman spectroscopy
to follow structural evolution of bulk xerogel after heat treatment at dif
ferent temperatures during 16 h in air. The Raman spectra of heated
xerogel at 110, 200, 250, 300, 400 and 500 °C are respectively reported
in Fig. 4a, b, c, d, e.
In Fig. 4a the Raman spectra of the heated xerogel is at 110 °C. The
Raman bands with assignment of vibrational modes, are reported in
Table 1. The peaks at 2810, 2890 and 2910 cm−1 are attributed to
CH2 stretching of organic network. The peak at 477 cm−1 is attributed
to Si\O\Si rocking of inorganic network. At this temperature xerogel
is hybrid. After heat treatment at 200 °C (Fig. 4b), despite the appear
ance of ﬂuorescence, peaks of CH2 stretching are still present, which
means organic network is not yet thermally decomposed.
The Raman spectra (Fig. 4c) corresponding to the heated xerogel
at 250 °C, pointed out two bands at 1346 cm−1 and 1606 cm−1.
These bands are characteristic of the presence of D Band due to Disorder
and G Band for Graphite in amorphous carbon [34 39] resulting, in our
case, in the thermal decomposition of organic groups of hybrid xerogel.
After heat treatment at 300 °C (Fig. 4d), the two bands characteristic ofFig. 5. SEM observations of surface (a) and cross section (b) of coating deposited by dip-coamorphous carbon are conserved, but the signal intensity is less apparent,
because of ﬂuorescence.
After heat treatment at 400 °C (in domain II), Raman spectra
(Fig. 4e) shows no signal because of ﬂuorescence (Raman spectra of
xerogel heat treated at 500 °C is not shown because it presents no signal
too). However, we can suppose, reaction II highlighted with thermal
analysis could be attributed to the amorphous carbon oxidation.
After these preliminary experiments on xerogel and their thermal
transformations, the sol was deposited on stainless steel substrate by
the dip coating process. We used several withdrawal rates (30, 50, 75
and 100 mm/min), to obtain coatings with various thicknesses. Then,
coatings were heat treated at 110, 200, 250, 300, 400 and 500 °C in air
during 16 h. Coatings thicknesses were measured from cross section
observations by scanning electron microscopy (SEM). We have re
ported in Fig. 5 the cross section and surface observations by SEM of
coating heat treated at 110 °C. Coating shows a good coverage andating at 30 mm/min, dried at 50 °C/24 h and heat treated at 110 °C during 16 h in air.
Fig. 8. SEM observations of surface of coating heat treated at 250 °C during 16 h in airs for different thickness; (a) 0.48 μm (b)0.98 μm (c) 1.15 μm (d) 1.32 μm.we can notice the homogeneity of thickness and the apparent good
adhesion of coating after the cross section preparation.
In Fig. 6, we observed that thicknesses of ﬁlms were controlled with
the withdrawal rate. The increase in thickness versus the withdrawal
rate, is in good agreement with the Landau & Levich relation [40].
For each withdrawal rate, we have reported in Fig. 7 the evolution
of thicknesses of deposits after heating at different temperatures. Wecan observe that beyond 110 °C, all the coatings decrease in thicknesses.
Thickness reduction is about 50% after heat treatment at 200 °C and it's
about 75% after 250 °C.
From SEM observations of the surfaces of heated samples, we have
notice that the thermal treatments beyond 200 °C had some effects
on the cohesion of deposits and these were depending on the thick
ness of them. For example, we can see in Fig. 8, that for a coating
Fig. 9. Values of hardness (a) and elastic modulus (b) as a function of temperature of
heat treatment.
Fig. 10. Valuesof critical load of delamination as function of temperature of heat treatment.deposited at 30 mm min−1, small cracks appear after heat treatment
at 250 °C and the size of them increase for the higher thicknesses. In
deed, for a thickness of 0.48 μm, we notice the presence of cracks ofFig. 11. Scratch patterns of coatings heatshort length (15 μm) which doesn't spread on the whole surface. In
the case of larger thicknesses, cracks spread over the whole surface,
which leads to the formation of platelets. Then, these platelets retract
and extend the cracks. According to thermal analysis, the transforma
tion ofmaterial at 250 °C causesmass loss, and leads to thickness reduc
tion and cracking of coatings.
A theorical relation could estimate critical thickness of cracking hc
[41 43] for coating thermally treated at 250 °C during 16 h in air.
hc KIc=σð Þ2 1=Ωc Σð Þ2
 
ð1Þ
KIc is the toughness of material constituting the coating. Its value is
about 4 MPa m1/2 in this study [44]. σ is the stress generated in the
coating. In the case of elastical behavior law: σ = Eε. E is elastical
modulus of coating and ε is the deformation.
ε 1=3log final thickness=initial thicknessð Þ:
Ωc(Σ) depend on the stress generated in the coating and elastic
modulus ratio between coating and substrate. Its value is about 1.5
in this study. So, we could calculate critical thickness of cracking for
the coating thermally treated at 250 °C; hc ~ 0.77 μm. This estimating
seems to be consistent with the values measured.
So, for heat treatment beyond 200 °C, we can correlate, thickness re
duction of coatings and the cracks, probably resulting to the high strains
of coatings during the decomposition of organic part of xerogel in oxi
dized phase of silicon with amorphous carbon. These transformations
may cause changes in mechanical properties, so we have decided to
check the evolution.
Fig. 9, shows the values of hardness (a) and elastic modulus (b) as
a function of temperature of heat treatment. Applied load don't exceed
0.1 mN, in order to there is no contribution of the substrate on the mea
sured values. Coatings heated at 110 and 200 °C have a similar value of
hardness (~500 MPa) and elastic modulus (~5 GPa). Indeed, at theses
temperatures coatings is hybrid and the values of hardness and elastic
modulus correspond to the values comonly measured on hybrid organ
ic inorganic coatings [14,45 48]. From 250 °C, appears a signiﬁcant in
crease of hardness and elastic modulus. These results can be explained
by the decomposition of organic network and the formation of oxydized
silicon phase. The maximum values of hardness (2906 MPa) and elastic
modulus (31.38 GPa)weremeasured for samples heat treated at 500 °C.
Then, we performed nanoscratch tests in the aim to study the
change in adhesion properties of coated .stainless steel. Thickness of
samples tested (~13 μm) and length of scratch (0,5 mm) was chosen
in the aim to limit crack inﬂuence. The value of the critical load of
delamination reported in Fig. 10 versus the temperature of heating,
increases from 10.85 mN at 110 °C to 30.96 mN 500 °C. Even if, this
increase is not simple to explain from the made experiments, wetreated at 110 °C (a) and 250 °C (b).
Fig. 12. Tribological property of uncoated substrate.
Fig. 14. Tribological properties of sol–gel coatings heat treated at 110 °C for
Fig. 13. Tribological properties of sol–gel coatings heat treated at different temperacan notice here, that despite the cracks induced by the thermal transfor
mation of xerogel, coatings keep a good adhesion on substrate. Observa
tions of scratchpattern of coatings heat treated at 250 °C (Fig. 11), show
delamination doesn't initiate on crevice.
Fig. 12 shows friction coefﬁcient of substrate without coating as a
function of sliding cycles. After 1000 cycles friction coefﬁcient is about
0.8. Friction coefﬁcients of coatings heat treated at different tempera
tures are reported in Fig. 13. All tests exhibit a good reproducibility. In
the thickness range obtained (Fig. 7), it has no inﬂuence on tribological
behavior of coatings. For example, Fig. 14 reports friction coefﬁcients of
coatings heat treated at 110 °C for different thickness. There are no sig
niﬁcant differences between this four. Coatings heat treated at 110 °C
and 200 °C (Fig. 13) present a similar tribological behavior. Friction
curves present two steps. In the ﬁrst step friction coefﬁcient is about
0.5. From 400 cycles, friction coefﬁcient increased to 0.8 until the end
of test (1000 cycles). Average width of wear track measured afterdifferent thickness: (a) 2.1 μm, (b) 2.8 μm, (c) 3.7 μm and (d) 4.3 μm.
ture: (a) 110 °C, (b) 200 °C, (c) 250 °C, (d) 300 °C, (e) 400 °C, and (f) 500 °C.
300 
150 200 250 300 350 400 450 500 
Temperature of thermal treatment (°C) 
Fig. 15. Average width of we.ir track after 1000 stiding cycles versus temperature of heat 
treatment of cœtings. 1000 cycles of sliding cycles (Fig. 15) is about 277 µm. Wom surface 
(Fig. 16) after 1000 cycles, show a large amount of debris accumulated 
around the wom tracl<, indicating abrasive wear. After heat treatment a t 
250 °C or 300 °C (I), friction curves show a great reduction of friction 
coeffiàent to a value of 0.35. We also observe a reduction of average 
width of wear track to 120 µm. The transformation at 250 °C has im 
proved significantiy friction and wear. At this temperature, coating is 
no longer a hybrid, because of thermal decomposition of organic net 
work Raman spectroscopy revealed formation of amorphous carbon. 
Finally, after heat treatment at 250 °C, coating consists in amorphous 
carbon in oxidized phase of silicon, which shows better tribological be 
havior. Measurement of average width of wear track indicates wear is 
also reduced. Sliding curves of coatings heat treated at 400 and 500 °C 
(Il), show tribological behavior close to the coatings heat treated at 
110 and 200 °C This increase in friction coeffiàent is probably induced 
by the oxidation from 400 °C of amorphous carbon pointed out by the 
exothermic phenomenon on DTA curve and the mass Joss observed on 
TGA curve. 4. Conclusion
Organic inorganic coatings were deposited by dip coating onto 
stainless steel 430 and heat treated with different temperatures. The 
influence of temperature of heat treatment on the chemical and 
structural transformation of xerogel deposited were corelated to the 
mechanical properties and tribological behavior. The hybrid organic 
inorganic coating obtained from sol gel reaction and thermal treatment 
at 110 °C undergone at 250 °C a decomposition of organic groups. This 
transformation involves thickness reduction of coatings and cracks ap 
pear for the higher thickness of deposits. So, beyond 250 °c, coating is Fig. 16. Sem observations of worn surfaces after 1000 cyclesmainly an inorganic material and appears a significant increase in hard 
ening but also a decrease in friction coeffiàent. We have shown from 
Raman spectroscopy that thermal decomposition of organic groups at 
250 and 300 °C produces amorphous carbon in an oxyde matrix. The tri 
bological tests of coatings heattreated at the se temperatures show a sig 
nificative decrease of the friction coeffiàent and wear. From 400 °C, the 
increase in friction coeffiàent is probably induced by the oxidation of 
amorphous carbon pointed out by the exothermic phenomenon and 
the mass Joad respectively observed on DTA and TGA curves. 
In prospect, it would be very interesting to analyse the chemical and 
structural changes with NMR spectroscopy, and complete Raman spec 
troscopy with IR spectroscopy. Moreover, it would be interesting to 
study influence of parameters of heat treatment like the environnment 
or the duration. 
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